Abstract An analysis was performed of the climatic responses of the radial growth of Larix gmelinii (Rupr.) Rupr. at two sites-both of which included contrasting north-and south-facing slopes-in Tura, central Siberia, with the development of ring width and maximumdensity chronologies for each slope. Both residual and standard chronologies of ring widths were positively correlated with temperature from late May until mid June on all four slopes. By contrast, standard chronologies of ring widths were negatively correlated with precipitation during the winter (from October to April) and in May on the north-facing slope at site 1 and on the south-facing slope at site 2 respectively. The negative correlations with precipitation during the winter and in May on some of the slopes suggested that delayed snowmelt in early spring might inhibit the radial growth of L. gmelinii, and the effects of snow are likely to vary with topography. Both residual and standard chronologies of maximum densities were positively correlated with temperature in early July on all four slopes. Maximum densities were also positively correlated with precipitation during summer of the previous year on all the slopes. These suggest that no major differences exist in terms of responses of maximum density to climatic factors between the north-and south-facing slopes.
Introduction
The response of vegetation in the boreal forests of the Northern Hemisphere might have a significant feedback effect on the global climate, because plants act as a sink for CO 2 . The vegetation on much of the Eurasian continent is dominated by Larix species . Thus, responses of Siberian larch forests to climate change might be expected to have a significant effect on carbon fixation. With respect to future changes in climate, increases in temperature appear to be among the most important factors that will affect the growth of trees in the northern boreal forests (Stewart et al. 1998 ). Significant correlations between spring temperatures and the treering widths of conifers (Vaganov et al. 1999) and Larix species (L. sibirica Ledeb., L. gmelinii and L. cajanderi Mayr.) (Kirdjanov and Zaharjevsky 1996; Naurzbaev and Vaganov 2000; Kirdyanov et al. 2003) have been demonstrated at various locations in Siberian boreal forests. The significant effects of estimated timing of snowmelt on tree-ring widths in the Siberian Taiga have also been reported (Vaganov et al. 1999; Kirdyanov et al. 2003) .
Differences in topographical features, such as slope exposure, may cause differences in growth (Koike et al. 1998; Kirchhefer 2000) . In our previous study, we compared climatic responses of ring width of L. gmelinii growing on both the upper and lower parts of contrasting north-and south-facing slopes (total of four plots) in Tura, central Siberia (Kujansuu et al. 2007 ). We found that: (1) temperature from the end of May until the early June significantly correlated with ring widths at all the plots, (2) standard chronologies of ring widths on the north-facing slope were negatively correlated with precipitation during the winter (October-April) and in early and mid May, and (3) there was little difference in climatic responses between upper and lower parts of the slopes. The difference in responses to precipitation between the slopes indicated that the effects of precipitation might vary with micro-scale topography (Kujansuu et al. 2007 ). However, the research was conducted in only a single site, so the results remained to be confirmed at other sites.
Tree-ring density is also important as a tree-ring parameter in efforts to estimate the amount of carbon stored in tree trunks. There have been reported significant correlations between maximum density of tree rings and summer temperature (Briffa et al. 1995; Kirdjanov and Zaharjevsky 1996; Kirdyanov et al. 2003) . Because of their sensitiveness to summer temperature, maximum densities were used for past climate reconstructions (Briffa et al. 1995 (Briffa et al. , 2001 ). However, to our knowledge the influence of site conditions, such as slope exposure, active soil layer depth, etc., on the responses of ring density to climate has not been reported.
This study was designed to: (1) confirm the responses of ring widths to temperature and precipitation in northand south-facing slopes at another site, and (2) investigate the climatic responses of maximum densities of larch trees growing in contrasting north-and southfacing slopes. A comparison of the climatic responses under various growth conditions will help us to understand the mechanisms that control the radial growth of L. gmelinii growing in Siberian permafrost.
Materials and methods

Study sites and sample trees
The study area is located in the Tura Experiment Forest (64°19¢N, 100°13¢E; 200 m a.s.l.) of the Sukachev Institute of Forest (Siberian Branch, Russian Academy of Science, Russia), on the Central Siberian Plateau, close to the western edge of a region of continuous permafrost (Fig. 1) . The climate of the region is continental, with very cold winters and relatively warm summers. The mean annual temperature is À7.6°C, as determined at the Tura Meteorological Station (Russian Research Institute of Hydrometeorological Information-World Data Center, RIHMI-WDC; http://www.meteo.ru/data/ emdata.htm). The mean temperature in January is À36.5°C and that in July is 17.3°C. The mean annual precipitation is 380 mm.
We chose two sites that included contrasting northand south-facing slopes (Fig. 2) . Site 1, which was reported in our previous study (Kujansuu et al. 2007) , was located in a small valley on a tributary of the Koche- Fig. 1 Geographical location of the study sites (filled square). The map shows the distribution of the permafrost in the Northern Hemisphere and the range of distribution of Larix species in Eurasia. The arrows in the small map show the direction of the river flow. Prepared from maps published by the Environmental Defense Fund (1996) and Abaimov et al. (1997) chum River (Fig. 1) . The difference in elevation between the riverbed and the hilltop is approximately 30 m, and the gradient of the slope is 18°on the south-facing slope and varies between 8°and 18°on the north-facing slope. Site 2 is located about 30 km to the east of site 1, on the gentle hill located about 3 km south from the Nizhnaya Tunguska River (Fig. 1) . The difference in elevation between the plots and the hilltop is approximately 9 m, and the gradients of the slopes are much less steep, being 5°on both the north-and the south-facing slopes. Sites 1 and 2 are almost entirely dominated by L. gmelinii. The forest at site 1 became established after a forest fire that occurred in the early 1800s, whereas the forest at site 2 became established after a forest fire that occurred approximately 100 years ago. Forest stand on the northfacing slope of site 1 is uneven-aged, caused by survivors of the forest fire, whereas the south-facing slope is evenaged. Both plots in site 2 are even-aged. The depth of the active soil layer differed markedly between the northand south-facing slopes at each site (Fig. 2) . The depth of the active soil layer at site 1 was 148 cm on the southfacing slope, and only 45 cm on the north-facing slope in the summer of 1997 (Koike et al. 1998) . The depth of the active soil layer at site 2 was 175 cm on the south-facing slope, and 63 cm on the north-facing slope in the autumn of 2003.
At site 1, we chose two plots (approximately 40·40 m) in the upper and lower parts of each slope reported in our previous reports (Kujansuu et al. 2007) , and combined the samples from both plots altogether per plot because there was little difference in chronology statistics and climatic responses within a slope. We established one plot of 10·15 m per slope at site 2. The plot names are designated in the text as 1N and 1S for north-and southfacing slopes on site 1, and 2N and 2S for site 2. We examined a total of 60 dominant trees per plot at site 1, and 30 dominant trees per plot at site 2 ( Table 1 ).
Development of chronologies
We utilized the ring-width data used in the previous study at site 1. The extracted incremental cores were also utilized for density measurement. At site 2, we cut disk samples at a height of 30 cm from the ground in the spring of 2004 to obtain good-quality X-ray photos. Two strips cut from opposite directions were prepared per tree. We performed hot-water extraction for 4 days and ethanol extraction for 6 days to eliminate resin and heartwood substances. After extraction, all samples were cut into 1.55-mm-thick strips with a twin-blade saw. The strips were dried to moisture content of 12% in conditioned air at 20°C and 65% humidity and were subjected to X-ray analysis (Softex EMBW, Softex Co., Ebina, Japan; working distance 2.2 m, 20 kVp, 14 mA, 3 min 30 s) in combination with a calibration wedge. The radiograms were scanned at a resolution of 3,200 dpi with a scanner (GT-X700; Epson, Suwa, Japan). The resolution of captured images was 7.9 lm/pixel. The images were analyzed for the determination of ring widths and maximum ring densities with the WinDENDRO program (Density 2003b, Regent Instruments Inc., Quebec, Canada). The tree-ring widths of core samples from site 1 were measured to a precision of 0.01 mm under a stereomicroscope (MZ6; Leica, Solms, Germany) that was equipped with a system for tree-ring measurements from Velmex Inc. (Bloomfield, NY, USA; Kujansuu et al. 2007) .
The series of tree-ring widths and maximum densities were cross-dated visually by using skeleton plot procedures and confirmed by a statistical method to ensure that the correct date had been assigned to each annual ring (Stokes and Smiley 1996) . Statistical cross-dating was performed with the COFECHA program (Holmes 1983 (Holmes , 1994 ) that tests each individual series against a master dating series (mean of all series) based on correlation coefficients. During the cross-dating, samples in which there was evidence of the extensive formation of reaction wood were excluded. In the measurement series of maximum density at sites 1 and 2 and of ring width at site 2, we excluded the samples due to the poor quality of radiograms. This was caused by the oblique angle of fibers to X-ray irradiation. We also excluded juvenile period (approximately 15 years from the beginning of the series) that exhibited ring width variations that were unsynchronized among trees and showed an increasing trend in maximum density. The series of measurements of ring widths and maximum densities were standardized by fitting smoothing splines (Cook and Peters 1981) , with a 50% frequencyresponse cutoff of 80 years, for the extraction of climatic signals. The cut-off length was chosen because of the highest correlations between trees of standardized series among those obtained fitting other curves including negative exponential. Autoregressive modeling was used to remove the effect of autocorrelation from the standard series. Standardization and autoregressive modeling were performed with the ARSTAN program (Cook 1985) that produces chronologies from tree-ring measurement series by detrending and standardizing the series. The standard and residual chronologies of ring widths and maximum densities for each plot were developed by averaging the individual series by using a biweight robust mean to weaken the endogenous disturbance effects and other sources of noise. Expressed population signal (EPS) analysis (Wigley et al. 1984; Briffa and Jones 1990 ) was used to assess the degree to which chronologies of each plot portrays the hypothetical perfect chronology.
Responses to climatic variables
We analyzed the responses of ring widths and maximum densities to climatic variables by calculating simple correlations with both residual and standard chronologies. Residual chronologies were used because of elimination of autocorrelation that negates the assumption of the independence that is necessary for most statistical analyses (Fritts 1976; Monserud 1986 ). We also used standard chronologies to analyze the effect of low-frequency fluctuations in climate that were eliminated through autoregressive modeling. The climatic data used for calculations were obtained from the Tura Meteorological Station. Average daily mean temperatures for 10 consecutive days were used in the analysis, with a 2-day lag, starting from 1 May of the previous year. We also used the amount of monthly precipitation from May through September of the previous year and from May through August of the current year. Winter precipitation was calculated as the total precipitation from October of the previous year to April of the current year because the precipitation falls as snow. In addition, the precipitation in May of the current year was divided into precipitation during the early, 
Results and discussion
Chronology statistics
Cross-dating was performed successfully, and standard and residual chronologies were developed for all four plots (Figs. 3, 4) . As shown in Table 2 , first-order autocorrelations of standard chronologies of ring widths revealed stronger correlations on 1N (0.60) and on 2S (0.60) than those on 1S (0.35) and on 2N (0.37). The mean correlation between trees in the standard chronologies of tree-ring widths on 1N (0.34) was lower than that on 1S (0.48), whereas mean correlations on the slopes at site 2 (2S, 0.42; 2N 0.45) were quite similar. The mean correlation between trees in the residual chronologies of tree-ring widths on 1N (0.37) was lower than that on 1S (0.52), whereas correlations on the slopes at site 2 (2N, 0.44; 2S 0.41) were quite similar. First-order autocorrelations of standard chronologies of maximum densities revealed higher values at site 1 (1N, 0.56; 1S, 0.40) as compared to site 2 (2N, 0.35; 2S, 0.22; Table 2 ). The mean correlations between trees ranged between 0.30 and 0.34 on all the slopes except for 1S, which yielded a value of 0.38. Mean sensitivities, standard deviations and mean correlations between trees of residual chronologies of maximum densities were similar for both sites.
The most remarkable higher first-order autocorrelation of standard chronology of ring width was observed at the south-facing slope of site 2, although the value was the same as that observed at the north-facing slope of site 1 (Kujansuu et al. 2007 ). The higher first-order autocorrelations might be attributed to predominance of The cause of the differences between the two sites will be discussed with their climatic responses in the following section.
Climatic responses of ring widths
Residual chronologies of ring widths on all plots responded positively to temperature from the end of May to the middle of June (Fig. 5) . Residual chronologies also responded positively to temperature in late June and from the end of July to early August on all the slopes except on 2N. Residual chronologies on both slopes at site 1 were negatively correlated with temperatures in early March of the current growth year. Residual chronologies on 1S and 2S were negatively correlated with temperatures from late March to early April of the current growth year. Residual chronologies on both slopes at site 1 responded negatively to temperatures from late April to early May of the current growth year. Residual chronologies on both slopes at site 2 responded negatively to temperatures from late December to early January of the winter preceding the current growth year. The following significant correlations with temperature were recorded only for single plots: on 1S, there was a negative response in early July of the previous year; on 2N, a negative response was found in October; and, on 2S, there were positive responses in the middle of June of the previous year and from the end of January to early February of the current growth year. The responses of standard chronologies to temperature were similar to those of residual chronologies, with the exception of revealing positive correlations with the temperature of middle May of the current growth year at 1N, 1S and 2S, and that of the previous growth year at 1N and 2S. Residual chronologies of ring widths were not significantly correlated with precipitation, except for 1S, which yielded a positive correlation with precipitation during the August of the previous year (Fig. 6) . In contrast to residual chronologies, standard chronologies of ring widths on 1N and 2S were negatively correlated with precipitation during the winter and during the month of May of the current year. Standard chronology at 1N also yielded a negative correlation with precipitation in May of the previous year.
The low-frequency variations in precipitation of winter and May, and standard chronologies were compared (Fig. 7) . There was a remarkable difference in growth trend from the 1960s to the 1980s among the plots. A 5-year moving average of standard chronology of 1N revealed a clear decline from the late 1960s to the early 1970s, which coincided with an increasing trend in both winter and May precipitation. That of 2S revealed a growth reduction from the mid-1970s to the mid1980s, which can be attributed to a period of higher precipitation in winter. The growth trend in 1S and 2N did not reveal clear growth reduction in the period from the 1960s to the 1980s, and also did not reveal synchronization with trends of precipitation of winter and May.
Our present results demonstrated that temperatures from late May to mid June of the current growing season mostly determined the ring widths in both sites 1 and 2. It is possible that temperatures within this period influence both leaf development stages and the resultant photosynthesis that can promote cambial activity. The Fig. 6 Correlations between ring widths and precipitation for L. gmelinii on the northand south-facing slopes at sites 1 and 2 in Tura, central Siberia. W winter (October to April) accumulation. Letters of the alphabet indicate months of the year. ME, MM and ML indicate early May, middle May and late May respectively. For further details see Fig. 5 results are also consistent with previous reports on the temperature responses of Larix species in Siberia (Vaganov et al. 1999; Kirdyanov et al. 2003) .
A negative effect of precipitation of winter and May on standard chronologies of ring widths, which already found in 1N (Kujansuu et al. 2007 ), was also observed in 2S. The standard chronologies at both 1N and 2S not only revealed significant correlations with precipitation of winter and May, but also coincided with a low-frequency trend in precipitation of winter and May. The remarkable higher first-order autocorrelations, which might be attributed to predominance of low-frequency fluctuations, were also observed in standard chronologies of both 1N and in 2S (Table 2 ). These points in common indicate that precipitation of winter and May affect similarly ring widths on both 1N and 2S in spite of opposite slope exposure.
The precipitation of winter and May might represent snow accumulation at the beginning of the growing season, because the snow thawing was observed at late May in this region (Kujansuu et al. 2007) . Thus the accumulated snow in spring might limit the ring width in both 1N and 2S. The significant correlations between standard chronologies of ring width and temperature of middle May observed only in standard chronologies (Fig. 5) also support the important effect of snow accumulation in May on variations in ring widths. It is possible that more snow was accumulated on the southfacing slope than on the north-facing slope in site 2 by snowdrifts.
In our previous report, we pointed out a possibility that delayed soil thawing caused by accumulated snow in spring led to a limit on root activity in the northfacing slope where the soil active layer was shallow (Kujansuu et al. 2007 ). The present results indicate that differences in responses to precipitation of winter and May cannot be connected to differences in depth of the active soil layer in late summer. Thus, the root activity in the early part of the growing season might play an important role in variation of ring width.
Negative effect of winter precipitation on ring width has also been demonstrated in Pinus sylvestris L. over its northern range of distribution in western Siberia (Thomsen 2001) . The significant effect of the timing of snowmelt, which was estimated by a model with temperature and winter precipitation, on tree-ring width in the Siberian Taiga has also been reported for conifers (Vaganov et al. 1999) and Larix species . The cited authors stated that the trend towards increased precipitation in winter and the delay in snowmelt in the spring might have a significant effect on the radial growth of larch trees in Siberia. However, our present results suggest that the effects of increasing precipitation depend on topographical conditions.
Climatic responses of maximum densities
The residual chronologies of maximum densities were positively correlated with temperatures during early and middle July in all four plots (Fig. 8) . Those on both slopes at site 1 and 2S also responded positively to temperature in early August. Residual chronologies on both slopes at site 1 were negatively correlated with temperatures in August of the previous year and from the end of April to early May of the current growth year. Those on both slopes at site 2 responded negatively to temperatures from late December to early January of the winter that preceded growth. The following significant responses of residual chronologies of maximum density to temperature were recorded only for single plots: 1N yielded a positive response from the end of May to early June, and 2N yielded a positive correlation in June of the previous year and for late June of the current year, whereas a negative response was found in October. The standard chronologies revealed quite similar responses to temperature compared with those of residual chronologies (Fig. 8) . Residual chronologies of maximum densities on all plots were positively correlated with precipitation in August of the previous year except on 1N (Fig. 9) . Those on both slopes at site 1 were positively correlated with precipitation in July of the current year. The residual chronology on 1N was negatively correlated with precipitation in May of the previous year.
Standard chronologies of maximum densities on 1N revealed positive correlation with precipitation of July of the previous year and negative correlation with precipitation in May of the current year (Fig. 9) . At the other plot, standard chronologies revealed significant correlations, as was also the case for residual chronologies.
The results on responses to climate indicated that temperature from early to mid July and that from the end of July to early August were the most important climatic determinants of maximum density showing positive correlations. A little difference in responses to temperature was found among all plots, as was reported for ring width. The periods revealing significant correlations were about 1 month later than those which revealed positive correlation with ring widths.
The positive responses of maximum densities to summer temperature coincided with the previous reports on Larix species in Siberia (Briffa et al. 1995; Kirdjanov and Zaharjevsky 1996; Kirdyanov et al. 2003) . It is possible that the thickening of cell walls of last-formed cells, which regulate variations in maximum density (Yasue et al. 2000) , is strongly influenced by the photoassimilate production during July and early August. The radial cell division of L. gmelinii growing in this region ceased within July (Yasue et al. 2006) ; thus, the products of photosynthesis can serve as an abundant source of carbohydrate for the thickening of cell walls. There were also reports on positive correlation between cell wall thickness and summer temperature for L. cajanderi in northeastern Siberia (Panyushkina et al. 2003) and for L. sibirica and L. gmelinii in the northern part of central Siberia . Furthermore, Shcherbatjuk et al. (1990) demonstrated that temperatures of 14-16°C are optimal for photosynthesis in L. sibirica, and these temperatures coincide with those identified as important in our present study.
The positive correlations between maximum densities and precipitation in July or August of the previous year at all plots, and those in July of the current year at both slopes in site 1, indicate the importance of summer precipitation on maximum density. The lower precipitation in summer might cause water stress and reduced photosynthesis. The significant correlations with precipitation in the previous year suggest that stored photoassimilate is used for cell wall thickening in the following year. The negative correlations with precipitation of both previous and current May in 1N indicate that spring snow accumulation can affect negatively not only ring width but also maximum density in 1N.
The climatic responses of maximum densities to climatic factors did not reveal major differences between the south-and north-facing slopes of the two sites. It has been reported for L. gmelinii seedlings in Siberian permafrost that latewood was made of photoassimilate in current July and August, and also stored material in some cases (Kagawa et al. 2006) . The present results for responses of maximum density to both temperature and precipitation agree well with the results observed by Kagawa et al. (2006) .
Conclusion
Our present results confirmed that temperatures from late May to the middle June are the most important determinant of ring width of L. gmelinii in central Siberian permafrost, regardless of site conditions such as slope exposure. The precipitation during winter and May might be an inhibitor of ring width in some growth sites. The presence of the significant responses did not depend on the depth of the active soil layer in late summer. It is probably due to snow accumulation that may limit root activity in the early part of the growing season.
The results also suggested that temperatures in July and August of the current growing season were the most important climatic determinants of maximum density. Precipitation in July and August for both previous and/ or current years also positively affect maximum density. The responses of maximum densities to climatic factors do not vary depending on local topography. Fig. 9 Correlations between maximum densities and precipitation for L. gmelinii on the north-and south-facing slopes at sites 1 and 2 in Tura, central Siberia. For further details see Fig. 6 
